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1. INTRODUCTION 

Onychomycosis is a chronic fungal infection of the nail unit that primarily affects the NP, bed, and matrix, which 

contributes to almost half of all nail conditions in the world. It is a very common cause especially in the elderly 

population, immunocompromised people and patients with diabetes, thereby contributing to the reduced quality of life 

as a result of pain, discoloration and nail deformity. Onychomycosis has been on the rise as a global disease burden with 

the prevalence rates ranging between 5-20% based on geographic and demographic conditions.1 It is mostly produced 

by dermatophytes (i.e. Trichophyton mentagrophytes and Trichophyton rubrum) but yeasts as well as non-dermatophyte 
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molds (i.e. Candida species) are often involved, especially in immunocompromised patients.2 The etiology of infection 

and nail structure is complex makes effective treatment especially difficult. 

The existing therapeutic solutions of onychomycosis are systemic also topical antifungal therapy. Oral antifungal agents 

like terbinafine and itraconazole are commonly prescribed because of their potential to reach the nail bed via systemic 

circulation, but their use is often associated with important limitations, including hepatotoxicity, drug-drug interactions, 

prolonged therapy, and emerging antifungal resistance.3 Conversely, topical therapies including nail lacquers, creams 

and solutions provide localized therapy with fewer systemic side effects but are poor at drug penetration across the dense 

keratinized NP resulting in poor therapeutic outcomes.4 These restriction highlight the necessity for additional effective 

and targeted drug delivery strategies. 

A promising alternative approach has been identified transungual drug delivery which attempts to deliver therapeutic 

agents directly across the NP to the site of infection though avoiding systemic exposure. In spite of major achievements 

and innovations in the field of formulation science, namely nanocarriers and other delivery systems, a certain gap 

remains between the success of the experiments and the clinical implementation.5 Numerous complex systems have 

shown better permeation and antifungal activity in vitro, but fail to produce consistent clinical results due to other 

factors.6 Thus, it is highly necessary to address this gap through the development of robust, patient compliant and 

effective transungual delivery systems. 

2. NAIL BARRIER AND DRUG PENETRATION 

• Nail Structure 

The human NP is a highly specialized keratinized structure that is the major barrier to the penetration of drugs in 

transungual delivery. It is mainly composed of hard keratin, which is a fibrous protein with a high concentration of 

cysteine residues that form large disulfide bonds and contribute to rigidity and mechanical strength of the NP. This 

keratinized mesh is packed into 3 distinct layers, namely, intermediate, dorsal, and ventral layers which differ slightly 

in their composition and porosity but form a compact and highly cross-linked structure.7 In comparison with stratum 

corneum of the skin, NP has a very low lipid content that considerably restricts the diffusion of lipophilic drugs and 

changes the permeation profile of therapeutic agents. The tightly packed keratin filaments and narrowing of the 

intercellular spaces further limit the mobility of the molecules, making NP an extremely difficult barrier to perform 

topical drug delivery.8 

 

Figure 1 Structure of the NP (Source: Lee et al., 2018) 
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• Drug Transport Pathways 

The passage of drugs across the NP is mainly through two routes such as transcellular and intercellular route. The 

transcellular pathway entails the transport of drug molecules directly through the keratinized cells and involves diffusion 

through dense keratin networks. The intercellular pathway is by diffusion along very small (when compared with those 

in the skin) gaps between the keratinocytes.9 The physicochemical characteristics of the drug especially its molecular 

size, hydrophilicity and lipophilicity are very important in determining the predominant mechanism of transport. 

Hydrophilic drugs tend to permeate through the hydrated keratin matrix better, because the NP will act more like a 

hydrogel since it is attracted to water. Lipophilic drugs are generally more resistant since the nail has a low lipid content, 

which leads to low partitioning and slow diffusion rates. Moreover, drug ionization and molecular weight are also highly 

important factors that affect permeability, where smaller, moderately hydrophilic molecules show relatively better 

penetration profiles.10 

• Challenges in Drug Penetration 

Although the formulation strategies have made progress, there are still some inherent factors that have hindered the 

delivery of the drugs in the NP. Further, several drugs have a high affinity towards keratin resulting in binding 

interactions that cause the loss of the amount of free drug that can act as therapy.11 The slow rate of nail growth, which 

is usually 2-3 mm per month of fingernails and even slower for toenails, further delays the process of infection clearing 

and increases the duration of treatment. The other significant problem is that under normal conditions, the NP is limitedly 

hydrated, which limits the swelling of the keratin and reduces permeability. The loss of drugs on the nail surface due to 

environmental exposure, repeated washing, and mechanical stress may also lead to diminished treatment efficacy. 

Collectively, limited nail hydration, strong drug–keratin interactions, and slow nail growth significantly reduce drug 

permeation and prolong treatment duration, thereby necessitating advanced transungual delivery strategies.12 

 

Table 1 Characteristics of the NP's Structure and Barrier 

Parameter Description Impact on Drug Delivery 

Keratin content Highly cross-linked hard keratin Restricts diffusion 

Disulfide bonds Strong sulfur linkages Increases rigidity 

Lipid content Very low Limits lipophilic drug transport 

Hydration level Low under normal conditions Reduces permeability 

Thickness 0.25–0.6 mm Barrier to penetration 

3. CONVENTIONAL FORMULATIONS 

• Types of Conventional Transungual Formulations 

The treatment of onychomycosis has traditionally connected with usage of the topical dosage such as nail lacquers, 

solutions as well as creams. Nail lacquers are the most common as it is possible to create a layer on the nail surface and 

provide a slow release of the active agent. These formulas generally contain antifungal compounds such as amorolfine 

or ciclopirox within a polymeric base which enhances the adhesion on the NP. Solutions are another popular form, the 

advantage of which is that it is easy to apply and dry on the nail surface; but they often lack sufficient residence time on 

the nail surface. Creams and ointments show limited efficacy in transungual delivery due to inadequate penetration 

across the keratinized nail plate.13 

• Limitations of Conventional Formulations 

Conventional topical formulations exhibit limited clinical efficacy because the dense keratinized nail plate restricts drug 

diffusion to deeper infected regions.14 In addition, prolonged treatment duration and frequent application reduce patient 

adherence, particularly in severe onychomycosis involving the nail bed and matrix. Consequently, conventional 

formulations often fail to achieve sufficient therapeutic concentrations, highlighting the need for advanced transungual 

delivery systems.15 
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4. ADVANCED DRUG DELIVERY SYSTEM(DDS) 

• Microspheres 

Microsphere-based DDS have received a portion of interest in the transungual therapy because of their capability to 

offer controlled and constant release of antifungal agents. These systems are normally made of biodegradable or non-

biodegradable polymers that enclose the drug within a matrix or reservoir structure. Considering nail delivery, 

microspheres can increase the residence time of drugs on the nail surface and a deeper penetration of the drugs into the 

NP.16 The type of polymer used, compatibility of drugs with polymers, and the method of preparation are the main 

factors that influence the performance of microspheres and shall be discussed in the following sections. In spite of these 

benefits, other challenges like even distribution of particle sizes and scaling are areas of current research. 

• Nanoparticles 

Delivery systems that involve nanoparticles are one of the most promising methods of breaking the very strong obstacle 

of the NP. Polymeric nanoparticles that are usually prepared using materials like Poly (lactic-co-glycolic acid) (PLGA) 

or chitosan offer controlled drug delivery and enhanced stability thus making them suitable in sustained antifungal 

therapy.17 Lipid-based nanoparticles, such as Solid Lipid Nanoparticles (SLNs) and Nanostructured Lipid Carriers 

(NLCs), are more easily absorbed by the keratinized nail matrix because of their lipophilic properties, and thus improve 

drug permeation. Also, liquid crystalline nanoparticles have become a new generation of advanced carriers that offer 

both structural organization and a high drug-loading capacity in addition to enhanced stability.18 

• Vesicular Systems 

Transungual methods, including the usage of vesicular drug delivery systems, e.g. liposomes and transfersomes, have 

also been studied on the basis of their unique structural and functional features. Liposomes are the spheres that are 

vesicles and composed of bilayers made of phospholipids which can also entrap both the hydrophilic and the lipophilic 

drugs which gives a freedom in designing the formulations. Their comparative hardness may however obstruct a deep 

penetration into the thick nail matrix. In contrast, transfersomes are very deformable vesicles capable of squeezing 

through the narrow intercellular spaces and improve drug delivery across biological barriers. Although these advantages 

exist, the agglomeration of vesicles, lack of stability, and high costs of production are some of the challenges that make 

their useful application in transungual therapy difficult.19 

• Physical Enhancement Techniques 

Besides the chemical and carrier-based methods, physical enhancement methods have been invented to improve the 

penetration of drugs across the NP. Iontophoresis is a non-invasive procedure that involves the application of low 

electrical current that drives the charged drug molecules through the nail.20 Another new technology that incorporates 

laser energy to create microchannels or break down nail structure to allow increased drug penetration is laser-assisted 

drug delivery. It has been clinically established that the combination of laser therapy with topical antifungal therapies 

may have a significant beneficial effect on the therapeutic outcome. Collectively, these methods demand special 

equipment, trained personnel and may be costly and thus is not accessible to most regular clinical practice.21 

• COMPARATIVE INSIGHT OF ADVANCED SYSTEM 

Table 2 Comparative Insight of Advanced Systems 

System Mechanism Advantages Limitations Key Study 

Microspheres Controlled release 

via polymer matrix 

Sustained drug release, 

improved retention 

Scale-up 

challenges, 

variability in size 

Prajapati et 

al., 2025 

Polymeric 

Nanoparticles 

Drug 

encapsulation in 

polymeric carriers 

Enhanced penetration, 

stability 

Complex 

formulation, cost 

de Matos et 

al., 2025 

Lipid 

Nanoparticles 

Lipid-mediated 

diffusion through 

keratin 

Improved permeation, 

biocompatibility 

Stability issues Prajapati et 

al., 2025 



INTERNATIONAL JOURNAL OF RESEARCH CULTURE SOCIETY                      ISSN(O): 2456-6683      
Monthly Peer-Reviewed, Refereed, Indexed Journal                                  [ Impact Factor: 9.241 ] 
Volume - 10,   Issue -  6,   June - 2026                                            

 

Available online on - WWW.IJRCS.ORG Page 70 

Laser-assisted 

delivery 

Microchannel 

formation via laser 

disruption 

Deep penetration, 

improved efficacy 

Expensive, 

requires expertise 

Konisky et 

al., 2024 

Liquid 

Crystalline NPs 

Structured 

nanocarriers with 

high drug loading 

Controlled release, 

enhanced interaction 

with nail 

Limited clinical 

data 

Leu et al., 

2023 

Liposomes Phospholipid 

vesicle 

encapsulation 

Biocompatibility, dual 

drug loading 

Limited 

penetration 

Witika et al., 

2021 

Transfersomes Deformable 

vesicles enabling 

deeper penetration 

Enhanced permeability High production 

cost 

Witika et al., 

2021 

Iontophoresis Electrical current-

driven drug 

transport 

Increased permeation, 

reduced treatment time 

Equipment-

dependent 

Nair et al., 

2021 

Although nanoparticle- and vesicle-based systems demonstrate superior permeation enhancement, their formulation 

complexity, stability concerns, and manufacturing costs remain major translational barriers. In contrast, microsphere-

based systems provide sustained drug release and improved formulation stability but may face challenges related to 

scale-up and reproducibility. Physical enhancement techniques such as iontophoresis and laser-assisted delivery can 

substantially improve nail penetration; however, their dependence on specialized equipment limits routine clinical 

applicability. Consequently, future transungual strategies should focus not only on permeation enhancement but also on 

scalability, patient compliance, and long-term clinical effectiveness. 

5. MICROSPHERES-IN-GEL SYSTEM 

• Concept of Hybrid Delivery System 

One highly promising hybrid method in transungual drug delivery, combining the benefits of particulate carriers with 

semi-solid formulations is the microspheres-in-gel system. In this type of system, the drug-loaded microspheres are 

dispersed uniformly in a gel matrix to give rise to a dual-functional system, which enhances drug retention and 

penetration through the NP.22 Consequently, this approach has received growing interest over the recent years owing to 

its capacity to address the limitations of traditional topical systems, especially the lack of adhesion and rapid loss of 

drugs. The gel component provides long-term contact with the surface of the nail, whereas the microspheres embedded 

into the gel provide long-term contact with the surface of the nail. These hybrid systems are especially beneficial in the 

treatment of chronic diseases such as onychomycosis, in which effective treatment of the fungus requires prolonged 

therapy.23 

• Mechanism of Drug Delivery 

The microspheres-in-gel systems mechanism is based on the synergistic interaction of the two components. This is 

achieved by using microspheres that contain the antifungal drug in a polymeric matrix allowing controlled and sustained 

release over a prolonged period. This aids in a steady drug concentration gradient throughout the NP to allow increased 

diffusion into deeper layers. At the same time, the gel matrix is important to enhance drug delivery, providing adhesion 

to the nail surface and enhancing hydration of the keratin structure. The swelling of the NP due to hydration causes the 

loosening of the tightly packed keratin network and increases the drug permeability. Gels composed of poloxamers, 

especially, have demonstrated an attractive thermoresponsive behavior, which can easily be applied and retained better 

at the site of action.24 
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Figure 2 Microspheres-in-Gel Drug Delivery Mechanism (Source: Self-Created) 

  

• Advantages of Microspheres-in-Gel Systems 

Among the most important benefits of the microspheres-in-gel systems is that the drug residence time on the nail surface 

is greatly increased. The gel has a hydration effect that increases drug permeation into the nail barrier by altering the 

physical characteristics of the nail barrier.25 The release of drugs in microspheres can be controlled to decrease the 

number of applications and thus enhance patient compliance. These systems lower the systemic exposure and resulting 

side effects by targeting the drug locally in a specific manner. Recent studies have demonstrated improved antifungal 

efficacy and nail drug retention using chitosan nanoparticle-loaded poloxamer gels. In spite of these merits, there also 

exist challenges connected with stability and scalability of the formulations that should be resolved to successfully 

translate it to clinical.26 

6. POLYMERS & PREPARATION METHODS 

• Polymers Used in Transungual Delivery 

Polymers are important in determining the design and performance of TDDS, especially in microsphere and gel 

formulations. Ethyl cellulose has gained popularity because of its hydrophobic property and its capacity to provide a 

sustained drug release effect by creating a diffusion barrier. Other widely used biodegradable polymer, which can be 

useful in encapsulation of antifungal agents, includes PLGA.27 Chitosan is a natural polymer, which is appreciated owing 

to its bioadhesive nature and capacity to increase drug permeation by reacting with keratin. Poloxamer is a 

thermoresponsive polymer commonly referred to as Poloxamer and is frequently used in gel formulations because it is 

capable of passing through several phases, namely liquid, gel, liquid and gel, depending on the temperature at which it 

is maintained.28 

Topical Formulation 

Nail plate 

Nail bed 

Tissue binding Systemic Circulation Metabolism in tissue 

Pre-absorption loss 

Permeability coefficient 

Nail thickness 

Keratin content 

Drug-keratin Binding 



INTERNATIONAL JOURNAL OF RESEARCH CULTURE SOCIETY                      ISSN(O): 2456-6683      
Monthly Peer-Reviewed, Refereed, Indexed Journal                                  [ Impact Factor: 9.241 ] 
Volume - 10,   Issue -  6,   June - 2026                                            

 

Available online on - WWW.IJRCS.ORG Page 72 

• Preparation Methods 

The oil-in-water (O/W) emulsion solvent evaporating technique is one of the widely used preparation procedures to 

prepare microspheres. This is accomplished by combining the drug and the polymer to a solution in an organic solvent 

and subsequently emulsified in an aqueous phase and then the solvent is evaporated to form solid microspheres.29 

Another commonly used method is spray drying where a polymer-drug solution is atomized in a hot drying chamber, 

causing the solvent to evaporate quickly and the formation of fine particles. The type of preparation used is dependent 

on the physicochemical attributes of drug and the characteristics required of the final product.30 

The efficiency of microsphere preparation is strongly influenced by formulation and process variables including polymer 

concentration, solvent volatility, emulsifier type, stirring speed, and phase ratio. For instance, increasing polymer 

concentration generally increases particle size and prolongs drug release, whereas higher stirring speeds produce smaller 

microspheres with improved surface uniformity. Similarly, solvent selection affects encapsulation efficiency and particle 

morphology. Optimization of these parameters is essential to achieve reproducible formulations with adequate drug 

loading, controlled release behavior, and enhanced nail permeation. From a translational perspective, scalable 

manufacturing techniques and batch-to-batch consistency remain critical challenges for commercial development. 

• Factors Affecting Formulation 

A number of parameters in formulation have a profound effect on the performance of transungual delivery systems. 

Drug-to-polymer ratio is a key parameter which determines the drug loading efficiency and release profile; higher 

polymer content typically results in slower drug release.31 Solvency system used is also a crucial factor in determining 

the particle size, encapsulation efficiency and stability of the formulation. Moreover, such parameters like the stirring 

speed, temperature, and the emulsifier concentration can influence the properties of microspheres. Careful optimization 

of these formulation variables is necessary to achieve reproducible drug release behavior, adequate nail permeation, and 

long-term formulation stability.32 

7. EVALUATION TECHNIQUES 

• Drug Release Studies 

A study on the drug release in vitro is needed to assess the performance of TDDS. One of the most popular pieces of 

equipment used for this purpose is the Franz diffusion cell which can simulate diffusion across a membrane of a drug 

under controlled conditions. Release kinetics models such as zero-order, first-order, and Higuchi equations are 

commonly applied to characterize drug release behavior and predict sustained delivery profiles.33 

• Nail Permeation Studies 

Nail permeation research is completed to determine the capability of drug formulations to enter the NP and reach the 

infection site. These analyses are normally conducted by the use of human or animal nail models attached to diffusion 

cells. More frequently, advanced analytical methods are used to measure drug concentration in the various layers of the 

nail, giving information on the formulation effectiveness.34 

• Antifungal Evaluation 

Microbiological examines such as determination of Minimum Inhibitory Concentration (MIC) of a compound and zone 

of inhibition studies are most common methods used to determine antifungal efficacy of formulations.35 MIC assays are 

used to ascertain the lowest concentration of drug that can inhibit fungal growth and the zone of inhibition studies give 

a visual representation of the antifungal activity.36 

• Characterization Techniques 

The quality as well as performance of transungual formulations must be guaranteed through comprehensive 

characterization of these formulations. The analysis of the size of the particles is important to nanoparticle and 

microsphere systems because it determines the drug release and permeation. Scanning Electron Microscopy (SEM) is 

the method of exploring the surface morphology and structural properties of particles. Drug loading efficiency and 
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encapsulation efficiency are also measured to find out the quantity of drug that has been loaded successfully into the 

delivery system. These characterization methods are critical in formulation optimization and quality control, and 

ultimately effective transungual DDS can be developed.37 

Although these evaluation methods provide valuable preliminary data, their predictive value for clinical performance 

remains limited. Variability in nail thickness, hydration status, and keratin composition among patients may significantly 

influence drug permeation outcomes. Therefore, standardized testing protocols and clinically relevant nail models are 

necessary to improve the translational reliability of transungual formulations. 

8. RESEARCH GAPS & FUTURE SCOPE 

• Current Gaps in Transungual Drug Delivery 

Although there has been tremendous progress in the development of formulation strategies to be used in transungual 

therapy, there have been several gaps that have been critical in the positive clinical conversion of the formulation 

strategies. One of the most prominent limitations is the lack of well-designed clinical trials evaluating the efficacy and 

safety of advanced DDS such as nanoparticles, microspheres, and hybrid gels. Most of the studies that are available are 

limited to either in vitro or ex vivo models, which, whilst effective in preliminary assessment, do not accurately replicate 

the complex physiological conditions of the human nail unit. Consequently, clinical evidence supporting the widespread 

implementation of these systems remains limited. 

Another major issue is the absence of actual life data on long term treatment outcomes, patient adherence and incidence 

rate. Onychomycosis is a chronic disease, with high rates of relapse, and a longitudinal clinical data does not exist to 

establish the long-term efficacy of new therapies. The uncertainty of the patient-specific variables such as nail thickness, 

hydration and comorbidities only contributes further to the impossibility of generalizing the experimental findings to 

similar clinical outcomes.38 

The major interruption is also scalability and manufacturing feasibility. Many of the high-level formulations are defined 

in terms of the complicated preparation procedure, special materials and stricter processing conditions that can delay 

large scale production and overall costs. This presents an obstacle to commercialization and availability, especially in 

resource-constrained environments. Furthermore, the issues of the formulation stability, reproducibility, and regulatory 

approval are not dealt with appropriately. It is a combination of these gaps that have indicated the need to have more 

integrated ways of research that would be useful in bridging the gap in laboratory innovation and practical clinical 

application. 

• Emerging Trends and Future Perspectives 

The combination of new technologies and the interdisciplinary approach that is determining the future of transungual 

drug delivery. AI in the diagnosis of nail diseases and optimization of their treatment is one of the most capable aspects.39 

The AI-based image analysis and diagnostic platforms are becoming non-invasive instruments with the potential to 

precisely identify nail disorders and monitor response to treatment. The technologies can be used to enhance early 

detection, treatment choices, and customized plans of treatment.40 

At the same time, development of smart DDS is successful. These systems are designed to respond to some physiological 

or environmental stimuli, and it enables the desired and controlled release of drugs.41,42 The applications of the new 

technologies such as stimuli-responsive polymers, systems based on nanocarrier, and systems based on hybrid 

formulations are expected to play a vital role in enhancing drug penetration and retention in the nail unit.43 Furthermore, 

the use of permeation enhancers and carriers that are based on nanotechnology are also likely to amplify the performance 

of transungual delivery systems. 

The combination therapies are also an attractive prospect in the future research. Such a combination of two or more 

treatment modalities (e.g. topical formulations in combination with physical enhancement modalities (e.g laser or 

iontophoresis)) may potentially overcome the limitations of any single treatment modality and may result in the 

achievement of synergistic treatment effects. In addition, it is possible to combine the antifungal agents with the others, 

namely, the anti-inflammatory agents or the potent keratolytic ones. 
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Overall, future research should be focused on effective and efficient clinical trials, scalability of formulations, and 

application of new technologies to develop patient-centered and effective clinical transungual delivery systems. Such 

gaps in transferring novel research into practical solutions towards the management of onychomycosis will be critical 

to fill these gaps during the translation of innovative research into practical solutions. 

9. CONCLUSION 

The transungual drug delivery has become a very crucial research area focused on overcoming the limitations that come 

with conventional therapies against onychomycosis. The peculiarities of the NP structure are a great obstacle to the 

proper drug delivery, therefore, the creation of the new delivery systems is needed. Nanoparticles, vesicular systems and 

physical enhancement methods have been shown to exhibit better drug permeation and therapeutic potential but their 

clinical translation has not been as successful due to factors such as stability, scalability and lack of clinical validation. 

Among the new systems, microspheres-in-gel systems have proven to have a significant potential due to the ability to 

combine sustained drug release with enhanced adhesion and hydration which culminate into increased level of drug 

retention and permeation. Whether such developments have taken place or not, there is an immediate need to carry out 

well designed clinical research and real-life evaluation to know whether they are effective and safe. Further studies must 

be in a position to bridge the gap between formulation innovation and clinical application to come up with effective, 

patient-friendly and commercially viable TDDS. 
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